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Cette étude en laboratoire examine les performances des chaussées perméables. A cette fin, un 
mètre carré de chaussée perméable a été construit dans les laboratoires de l'Université d'Heriot-Watt 
selon les standards britanniques en vigueur (BS 7533-13). Cette enrobée perméable est constituée 
d'une série de différentes couches comprenant: une base sableuse de 300 mm, 50 mm d'agrégats 
grossiers et enfin 80 mm d'enrobée perméable. La publication analyse le fonctionnement hydrologique 
de l'enrobée et la façon dont le ruissellement percole à travers la structure pour différents événements 
pluvieux. La publication présente les premiers résultats obtenus ainsi que les conclusions afférentes 
concernant le fonctionnement hydrologique de l'enrobée perméable. 
 
ABSTRACT 
This laboratory based study investigates the performance of permeable pavements. One meter square 
of permeable pavement was constructed in the hydraulics laboratory at Heriot-Watt University, in 
accordance with British Standards (BS 7533-13:2009). This pavement construction comprised a series 
of layers: a base of 300 mm of subgrade (sand), covered by 350 mm of coarse aggregate, 50 mm of 
fine aggregate and 80 mm of block paving. This paper focuses on the short term hydrology of the 
pavement and the way in which runoff percolates through the structure during a range of different 
rainfall events. In this paper, initial results are presented and conclusions are drawn regarding the 
hydrological performance of the pavement. 
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1 INTRODUCTION 
There is a fundamental problem in the urban environment as a high proportion of urban development 
consists of impermeable surfaces such as roads, roofs, footpaths, buildings. The traditional design of 
pavements is reliant upon rainfall flowing from impermeable surfaces into drainage systems, then 
being discharged into watercourses. These kinds of impermeable surfaces have been argued to result 
in increased urban flood risk and water quality degradation in watercourses (Gopalakrishnan 2011). 
This is extremely important as it has been estimated that the majority of flooding results from excess 
surface water runoff and overloaded drainage systems, rather than from swollen flooded rivers 
(Balmforth et al. 2006). As a consequence, minor frequent storms may be a more significant problem 
than major storms (Campbell 2004). Excessive urban development can also affect the groundwater 
levels by preventing the seepage of rainwater into the subsoil, potentially leading to the reduction of 
ground water recharge in urban areas, particularly those using traditional surface water drainage piped 
systems (Sieker and Zimmerman 2001).  
Permeable pavements are one way in which it is possible to reduce the time required for surface 
runoff to discharge into the watercourse, as well as lowering the overall volume of the runoff 
discharged (Danson 2008). However, despite their proven ability to attenuate runoff, there is still a lack 
of understanding about the performance of permeable pavements.  
Therefore, this paper seeks to present the initial findings of an investigation into hydrological 
performance, thereby supporting the main objective of examining the way in which permeable 
pavements perform and possible methods to optimise their design and maintenance. 
2 EXPERIMENTAL APPARATUS 
One meter square of permeable pavement was constructed in the hydraulics lab at Heriot-Watt 
University. The construction complied with recognised standards including the standard specification 
used by Marshalls for their Priora Paving System and with British Standards BS 7533-13:2009, BS EN 
13242:2002. The permeable pavement was constructed in a box constructed from strong 
polypropylene. The dimensions are 118 cm x 100 cm x 100 cm, with one side made of Perspex in 
order to make the thickness of materials visible. The box was supported by a steel frame. 
Artificial rainfall was delivered through spray nozzles (Delavan) and measured via a CR800 data 
logger (Campbell Scientific).  
Within the subgrade, data on the moisture content was collected using time domain reflectometry 
(TDR) probes. The eight moisture content probes (CS650 – Campbell Scientific) were installed in the 
sub-grade in two positions: in the top layer of subgrade (75 mm) and the lower layer of the subgrade 
(225 mm). The probes were then connected into the CR800 datalogger (Campbell scientific). 
3 EXPERIMENTAL MATERIALS 
The total depth of the rig pavement was 780 mm (see figure 1), divided into a sub grade layer of 300 
mm, a sub-base of 350 mm, a bedding course of 50 mm, and block paving of 80 mm. Blocks 80 mm 
thick were used (Priora), the sub-base layer consisted of 10-20 mm coarse aggregate and the bedding 
course consisted of 2-6 mm of fine aggregate. The sub grade was composed of 2 mm to 0.064 mm of 
clean sand. These materials used were supplied by Marshall. 
The grading of the sand used in the sub-grade is illustrated in Table 1 (a) which it is uniformly grading 
according BS5930:1981. The sand was filled into three layers in order to achieve the required 
compaction according to Proctor test (BS 1377-4:1990). The optimal volumetric water content was 
12.87 %. The saturated hydraulic conductivity is 218 mm hr
-1
, which was obtained from the constant-
head method according to British standards (BS 1377-5:1990) – the accepted minimum permeability 
of subgrade is 13 mm/hr (USEPA, 1999). The soil was prepared with the addition of an amount of 





Table 1: (a) Sand Grading.  (b) Grading recommendations for sub-base material.  (c) Grading for laying course 
and jointing material. 
















3.35 100.00 31.5 100.00 10 100.00 
2 99.82 20 89.66 6.3 94.70 
1.18 99.48 14 54.62 4 28.62 
0.6 97.11 10 23.83 2 3.37 
0.3 75.61 6.3 2.27 1 3.01 
0.212 47.77 4 0.42 
0.15 21.82 2 0.42 
0.063 2.27 1 0.42 
0.06 0.77 
 
The grading of the coarse aggregate used in the sub-base layer is shown in Table 1 (b). The coarse 
aggregate (20-10 mm) (Marshall) was washed before use in order to remove any fine particles. The 
coarse bedding layer was filled with washed fine aggregate, which had the grading detailed in Table 
1(c) (6-2.5 mm). The grading of materials was chosen according to British Standards (BS EN 
13242:2002). 
The geotextile was used in two positions through the pavement section. One layer was placed 
between the coarse aggregate and sand, in order to prevent any migration of the sand (USEPA, 
1999). The second position was under the sand, in order to prevent the subgrade materials from being 


















Figure 1: overview of permeable pavement structure. 
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4 EXPERIMENTAL PROCEDURE 
The objective of this test was to examine the response of the permeable pavement to different rainfall 
intensities. The initial test that was conducted at the beginning was the surface infiltration test for new 
pavements. The test was carried out using a radial flow falling head permeameter in accordance with 
British Standards (BS DD 229:1996.) (Labbot 2003). 
The experimental procedure was based on applying three different rainfall intensities/duration 
combinations three times. 35 rain events were applied in total over 9 weeks. Typically, the rainfall 
event was applied on the Monday, and then repeated at the same time on the following three days. 
The repetition within three weeks could give average trend of the structure response as well as 
increase the reliability of the results via repetition. 
The storm event chosen for this test was designed based upon the flood estimation handbook 
software (FEH). A depth of rainfall of 4.97, 5.64, and 11.07 mm were applied over 15, 15, and 30 
minutes respectively. These rainfall intensities and durations were designed for return periods of 5, 10, 
and 10 respectively at a Heriot Watt University site in Edinburgh.  
5 RESULTS AND DISCUSSION 
Three rainfall intensities were applied in a total of 35 rain events during a 9 week period. The 
discharge was defined as any outflow rate of 0.1 l per hour or greater. All output of rain events has 
been analysed and summarized (see Table 2). The runoff ratio is zero as the newly laid block paving 
has percolation rate 4000 mm/hr which means the precipitation infiltrates immediately through the 
joints in block paving. The rate of percolation is depends on infiltration rate of each layer of the 
pavement structure. For example the infiltration of sub base aggregates is about 40000 mm/hour so 
that it is bigger than block paving infiltration rate (Interpave,2006 , CIRIA C697,2007). 
 
Table 2: illustrates the average results from the three rainfall intensities tested. 














4.97 15 3.6 33.5 49.7 5.33 10.54 
5.64 15 3.6 29.3 49 6.04 13.67 
11.07 30 27.06 46.05 62.98 14.36 12.77 
 
Figure 2 presents the example of the discharge from the permeable pavement over one hour for four 
individual storms. It also shows that the peak outflow has gradually increased during the consecutive 
storm. 
 






























5.1 Total volume analysis 
The surface infiltration rate was approximately 662 mm/hr. It was measured with head falling from 273 
mm to 112 mm. The total infiltration volume was 2I with corresponded to an infiltration depth of 480 
mm. 
It was expected that the results of the first week would differ from later weeks because the structure of 
permeable pavement was completely dry. The first and second rain events produced no outflow, as 
the water was totally absorbed by the materials. In the third rain event (figure 3), which was applied 
four days after the first rain event, the outflow began 10 minutes after the rainfall started. The outflow 
then continued after rainfall stopped for three hours. Only 0.85% of the rain was discharged during the 
rain event. Then 17% discharged within one hour and only 20.9% discharged overall.  
 
Figure 3: out flow rate during the dry week – first rainfall intensity  
 
The maximum outflow measured was 6.09 mm/hr, when the precipitation was 4.97 mm for 15 minutes. 
Despite a high level of subgrade permeability 218 mm / hr (6.05 X 10 
-2 
mm/s), the average time 
before outflow began was 8 minutes and the duration of the outflow event was 7.43 hours. This 
demonstrates that the permeable pavement has a high attenuation rate. Figure 4 shows the average 
wet structure response. The average peak flow for this event was 5.37 mm/hr, with an average 
duration of 10.54 hours. The duration of the outflow of all events was significantly longer than the 
rainfall duration. The total volume discharge from the permeable pavement ranged between 36% and 
62.8%, suggesting that a permeable pavement in-situ could potentially substantially reduce runoff. On 
average, 3.6% of rainfall was discharged during each rain event. While 33.5% of the rainfall was 
discharged within one hour, only 49.7% of rainfall was discharged in total. 
Figure 4: outflow rate during wet week – first rainfall intensity. 
 
The rain event of 5.64 mm for 15 minutes duration was similar to the first event in terms of the 
performance recorded figure 5. The maximum outflow rate was 6.59 mm/hr, the drainage volume was 
3.19 l and the process took 14.33 hours. The average peak outflow was 6.04 mm/hr, with an average 
duration of 13.67 hours. The total volume discharged from the permeable pavement ranged between 
33% and 58%. On average, 3.6% of rainfall was discharged during the rain event, with 29.3% of 
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Figure 5: average outflow rate during the wet weeks – second rainfall intensity  
 
In the third rainfall intensity precipitation of 11.07 mm was generated for 30 minutes duration as shown 
in figure 6. The rain events produced an average peak outflow of 14.36 mm/hr that took an average of 
12.77 hours. Only 27.06% of the rainfall was discharged during the rain event. 46% of the rainfall was 
discharged within one hour and 63% of the total rainfall was discharged. 
Figure 6: average outflow rate during the wet weeks – third rainfall intensity 
Figures 7, 8 and 9 illustrate that the drainage volume over 6 hours after the precipitation was started. 
The results show that the first day always had a lower volume than those subsequent. This is probably 
because the structure had a three day drying period before the commencement of the test, making the 
material more able to absorb the runoff. The other days show very similar results, suggesting that the 
permeable pavement was saturated, with the result that any additional rain would not make any 
significant difference in the level of saturation. 
 










































































Rainfall intensity - 1  




Figure 8: volume of infiltrated water within the first six hours. 
 
 
Figure 9: volume of infiltrated water within the first six hours. 
 
 
5.2 Soil moisture of sub-grade 
The survey of moisture content demonstrated that the drying period of the 300 mm sub-grade could 
take a long time to return in the initial level. This may dependent on the climate conditions surrounding 
the pavement. Where the average atmospheric temperature was 23.7 ˚C, with a relative humidity of 
33.7% (see figure 10). This condition might prolong the drying period for the subgrade. As a result the 
lower layer of the subgrade was able to maintain a constant moisture content rate. The volumetric 
water content was measured in two different depths of the subgrade  
 
Figure 10: Atmospheric Temperature & Relative humidity. 
 
The evaporation from the pavement structure has been considered, and because it is difficult to 
measure it directly from rig as it weighs approximately two tons.  Therefore, monitoring the 
atmosphere condition can be used as a basis for estimating the trend of evaporation from the 




















Rainfall intensity - 2  

















Rainfall intensity - 3 












































Figure 9 volume of infiltrated water within the first three 
hours. 
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humidity, the evaporation rate can be estimated. The results (table 3) show that the average 
temperature and relative humidity during nine weeks are almost constant. Therefore it would be 
presumed that evaporation rate could also be constant. 
 
Table 3:the average temperature and relative humidity . 
weeks Average air temperature (C°)  Average relative humidity (%) 
1-2-3  24.2  34.4  
4-5-6  23.3  34.3  
7-8-9  23.6  32.6  
 
The probes have responded to the first rainfall event and the second rain event markedly increased as 
shown in Figure 11. After the third rainfall event volumetric water content continues to increase. 
Overall the volumetric water content dramatically increased during the dry week. The dry phase before 
testing may have had an influence on the water movement, in that lateral movement may have been 
more likely when unsaturated. This also explains why there was no discharge during the first two rain 
events; because of the movement of water may be governed by capillarity more than positive 
gravitational head in unsaturated condition (Heath, R.C., 1989).    
 
Figure11: the result of the first week shows the response of volumetric water content over time when structure 
was completely dry – rainfall intensity 1 
 
However, for the subsequent tests (figure 12), as the structure became wet and then saturated, all 
events during these weeks had outflow. As a result of wet structure, positive gravitational head could 
influence the movement of water. Generally speaking, the probes behaviour shows that the response 
in unsaturated and saturated condition is different 
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A noticble trend was that the top layer of subgrade always has less volumetric water conten than 
bottom layer. During the length of the expeiment, the preciptation had effect on volumetric water 
content as shown in figure 13. Overall the volumetric water content dramatically increased during the 
first week and slightly continued to increase.   
 
Figure 13:the changing of moisture content during the length of experiment. 
 
6 CONCLUSION 
One of the important benefit of permeable pavement and other SUDS techniques is related to how 
much water will be stored during and released after the storm. This is a crucial parameter when 
designing a  SUDS device. This experiment evaluated the performance of a sample permeable 
pavement from the perspective of different rainfall intensities and durations. The pavement managed 
to retain more than 50% of the total rainfall from all the rain events. The results of the first week would 
differ from later weeks. The first week, it was observed from the first and second rain event that all the 
rain was absorbed by the materials but when third rain event was applied there was outflow. This due 
to the structure became almost saturated by first and second rain events. Overall, when the structure 
was dry prior to the start it managed to retain about 80% of the total rainfall(third event).In terms of 
moisture content, during the length of the experiment the volumetric water content dramatically 
increased during the first week and slightly continued to increase. 
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